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ABSTRACT 

Translating lip, axisymmetr ic  inlets have been tested a t  f r ees t r eam 

Mach numbers between 0.0 and 0.30 and a t  angles of attack between 

0 and 90 degrees.  Three isolated inlet models were  tested. One 

model represented the inlet geometry a t  cruise ,  

translation. 

different contours. 

capability with the translating l ip  was increased m o r e  than twenty 

degrees  over the basic untranslated l ip configuration a t  the higher 
inlet airflows. The s ta t ic  inlet performance with the translating l ip  

was a l so  greatly improved. The design translation distance, defined 

by potential flow analysis,  was near  optimum. 

that is, with no l ip  

The other two models had forward translating l ips with 

The low forward speed inlet angle-of-attack 



SUMMARY 

Variable geometry,  axisymmetr ic  inlets designed for high subsonic speed 
a i r c ra f t  have been designed and fabricated by the Douglas Aircraf t  Company 
and tes ted a t  the NASA Ames  Research  Center in the Twelve-Foot LOW 
Speed Wind Tunnel. The inlets were  designed for  a c ru i se  Mach number of 
0.95 and used  a forward translating l ip to improve low speed inlet per form-  
ance. 
0.0 and 0.30 and a t  angles-of-attack between 0 and 90 degrees.  The Reynolds 
number ranged f rom approximately 35 to 40 percent of full sca le  for the 
CF6 and JT9D s e r i e s  of engines. One model represented  the inlet geometry 
a t  c ru ise ,  that is, with no l ip  translation. The other two models had for -  
ward  translating l ips  with different contours. The major  objectives of the 
experimental  investigation w e r e  to ver i fy  the expected improvement in  low 
speed performance with l ip translation as compared to the basic  inlet with- 
out l ip translation, and to es tabl ish the suitability of potential flow analysis  
as a design method for  this type of inlet configuration. 

Three  isolated inlet models  were  tes ted at Mach numbers between 

Inlet performance was evaluated in t e r m s  of steady-state compressor - face  
total  p re s su re  loss ,  s teady-state  compressor-face airflow distortion, and 
the s tandard deviation of fluctuating compressor-face total p ressure .  The 
low forward speed inlet angle of a t tack capability with the translating l ip  
was  increased  m o r e  than twenty degrees  over the basic untranslated l ip  
configuration a t  the higher inlet airflows. 
the translating l ip was a l s o  great ly  improved. Comparison of the per form-  
ance for  both translating l ip  configurations indicated the configuration 
designed for low forward speed was slightly bet ter  than the configuration 
designed for s ta t ic  conditions. The design translation distance, defined by 
potential flow analysis,  was near  optimum. Based on wall  s ta t ic  p re s su re  
distributions a basic  l ip geometry modification may  fur ther  enhance the 
translating l ip  inlet performance. 

The static inlet performance with 
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1.0 INTRODUCTION 

Variable inlet geometry for  subsonic a i r c ra f t  has recent ly  been studied by 
the Douglas Aircraf t  Company under the sponsorship of the Independent 
Research and Development (IRAD) P r o g r a m  of the McDonnell Douglas 
Corporation. 
for  future vers ions of existing a i rc raf t ,  in the event of engine airflow 
growth, and for future a i r c ra f t  with c ru i se  Mach numbers  near  1.0. V a r i -  
able  geometry allows an  ex t ra  degree of f reedom in the design of an  inlet 
for  high performance during both c ru i se  and low speed operations. High 
speed c ru i se  favors  thin inlet l ips to keep the inlet mass flow ra t io  high and 
to keep the nacelle s i ze  and, therefore ,  drag as small as possible. 
ever ,  high performance a t  low speed conditions, such as ze ro  forward 
speed with crosswind and low forward speed with high angle of attack, favors 
thick inlet l ips to efficiently turn the flow into the inlet. 
geometry an  inlet can be designed to effectively meet  requirements  in both 
the low speed and c ru i se  regimes.  

The u s e  of variable inlet geometry was shown to  be at t ract ive 

How- 

By using var iable  

In  Reference 1 numerous concepts of var iable  geometry were  evaluated in  
t e r m s  of aerodynamic performance, noise effects , and mechanical installa- 
tion efficiency. 
the mos t  promising concept. 
passage o r  slot around the inlet. By opening this slot a t  low speed the inlet 
l ip  thickness is effectively increased  and low speed performance of a n  inlet 
with a thin l ip  is improved. 

A forward translating l ip  configuration was identified as 
The translating l ip  opens an  auxiliary air 

An inlet design using translating l ip  concept was tes ted a t  the NASA Ames 
Research  Center in  the Twelve-Foot Low Speed Wind Tunnel. The ma jo r  
objective of the tes t  was  to ver i fy  the low speed inlet performance improve- 
ment  with lip translation. The basic  inlet geometry was designed for  a 
t ranspor t  a i r c ra f t  with a c ru i se  Mach number of 0.95. Three isolated inlet 
models  were  tested. One model represented  the basic  inlet with the t r ans -  
lating l ip  re t rac ted  o r  in the c ru i se  position. The other two models  w e r e  
var ia t ions on the translating l ip slot  geometry with the l ip  t ranslated f o r -  
ward. 
and 0.30 and a t  inlet angles of a t tack between 0 and 90 degrees.  The Reynolds 
number ranged f rom approximately 35 to 40 percent of full scale  for the CF6 
and JT9D s e r i e s  engines. 

Testing was accomplished a t  f r e e s t r e a m  Mach numbers  between 0.0 
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2.0 NOMENCLATURE 

Ai  minimum area (throat area) 

AHL 

A0 

A2 

cP 
D 

d/D 

DIST 

L highlight area - r R H L  

freestream capture area 

mass-flow ratio 
2 compressor-face circular area - Z R E  

pressure coefficient - (Pj - P2)/q2 

maximum nacelle diameter - 2R 

cowl highlight diameter ratio - RHL/R 
compressor -face steady- s tate distortion - 

(Ptmax - P& )/Ft, 

average throat Mach number 

local Mach number 

freestream Mach number 

static pressure 

compre s s or  -face static pres sure 

c ompr e s s o r  -face total - p r  e s sur e recovery 

frees tream total pres sur e 

area weighted average compressor-face 
total pressure, psf 

maximum compr e s s or  -face to tal p r  e s sur e 

minimum compr e s s o r  -face total pres sure 

compress o r  -face steady- state total-pre s sure 

c ompr e s s or  -face dynamic p r  e s sur e 
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R 

RE 

R~~ 

Ri 

Tt2 

vO 

vX-WD 

wa 

X 

Ax 

YIRHL 

rz 
ff 

e t2  

U 

U' 

maximum nacelle radius 

compressor  -face radius 

highlight radius  

radius  a t  the minimum a r e a  station 

compressor  -face total temperature ,  OR 

f r e e  s t r eam velocity 

axial component of f r ees t r eam velocity 
(with crosswind) - Vo cos a ,  kt 

crosswind component of f r ees t r eam 
velocity - Vo sin a ,  kt 

inlet weight flow 

1 on g i tudinal c o o r dina t e mea  su r  e d down - 
s t r e a m  from the untranslated leading edge 

l ip translation distance 

l ip thickness ra t io  - (RHL - Ri)/RHL 

inlet angle of attack 

compressor-face cor rec ted  weight flow - 
wa -1 at2 

ra t io  of Ft2 t oz t anda rd  sea-level pressure 

ra t io  of Tt2 to s tandard sea-level 
temperature  - Tt2/519 

s tandard deviation of fluctuating total 

p r e s s u r e  - [(PtmaG Ptmin)'61fluc tuating 

Pt2 /2  1 16 

s tandard deviation of fluctuating total 
p r e s s u r e  defined by a-sweep data 
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3.0 GEOMETRY DEFINITION 

3.1 Basic Inlet Geometry 

The basic inlet geometry was  designed for  a 0.95 M cru ise  application. 
The geometric character is t ics  w e r e  selected to avoid premature cowl 
drag divergence, to provide sufficient inlet throat area for maximum 
cruise  airflow requirements,  and to allow for adequate compressor-face 
flange clearance by the external  cowl. The cowl was designed with a 
length to maximum diameter ratio,  X/D, of 1.0 and a highlight diameter 
to maximum diameter ratio,  d/D, of 0.85. The external shape was a 
NACA-1 se r i e s  cowl. The inlet l ip  thickness ratio,  Y/RHL, was 0.075, 
and the l ip shape f rom the highlight to the throat was an ellipse with a 
1.6 to 1 eccentricity ratio. 
compressor  face had a n  equivalent conical half-angle of slightly m o r e  
than 1 degree. 

The diffuser section f rom the throat to the 

The coordinates  for the bas i c  inlet geometry ,  configuration NA, a r e  given 
in Table 1.  
pressible  potential flow solution (Reference 2)  calculated for this geometry 
a t  static conditions. 
gradient indicated by the p r e s s u r e  distribution are the source of boundary- 
layer  separation and attendant l ip losses .  
z e r o  angle of attack potential flow calculation for NA with a mass-flow 
ratio,  A o / A ~ ~ ,  of 1.48. 
tion a t  Mo = 0.30 with takeoff engine airflow demand. 

Figure 1 i l lustrates  the inlet geometry and shows an incom- 

The high peak p r e s s u r e  coefficient and severe  adverse 

Also shown in the figure is a 

This mass-flow ra t io  is representative of opera- 

3.2 Translating Lip Inlet Geometry 

The translating l ip geometries,  NB and NC, w e r e  designed with the same  
untranslated shape as the basic  inlet NA. 
surface and the inner surface was defined to fo rm the translating l ip  slot 
geometry. 
thickness ra t io  of approximately 0.11. The shape of the slot was defined 
with the aid of the potential flow analysis.  The inlet geometry and poten- 
t ial  flow solutions for NB are shown in Figure 2. The coordinates of the 
slot a r e  given in  Table 2. A s  shown by the theoretical  p r e s s u r e  distribu- 
tion for the static conditions, the slot was configured to provide a substan- 
t ial  acceleration of the flow downstream of the corner  of the main body 
(X/R = 0.10). 
af ter  separation a t  the corner  during high mass-flow rat io  (static o r  near  
static) conditions. 
the corner  on the translating l ip would not cause a problem a t  static o r  
near  static conditions, flow over the translating l ip  corner  (X/R = -0.15) 
a t  mass-flow rat ios  1.4 to 2.0, encountered during initial climb and 
approach, would separate  and probably would not reattach to the slot  
surface. Hence, to alleviate this la t te r  problem an al ternate  configuration 

A curve connecting the outer 

The slot location for NB was selected to give a second l ip  

This acceleration induces boundary-layer reattachment 

E a r l i e r  analyses (Reference 1) indicated that, while 
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NC was designed. 
provide a smooth outer surface on the translating lip. 
of this shape are a l so  given in Table 2. 
slot flow during climb and approach conditions, but with the sharper  
corner  on the main body the separation during s ta t ic  o r  near  s ta t ic  opera-  
tion is aggravated. 
for this configuration. 

The slot, as shown in Figure 3, was contoured to 
The coordinates 

This change resu l t s  in improved 

Figure 3 a l so  i l lustrates  the potential flow solution 

The design translation distance, AX, was a l so  defined with the aid of 
potential flow analysis.  
peak p res su re  coefficients on the inside of both the translating lip and 
the main body l ip  w e r e  approximately equal fo r  configuration NB a t  s ta t ic  
conditions. This condition occurred  a t  a AXIR of 0.245, where R is the 
maximum nacelle radius.  With this translation distance, as shown in 
Figure 2 ,  the peak p res su re  coefficients a t  a mass-flow ra t io  of 1.48, an  
important tes t  condition, are reduced on both the translating lip and the 
main body. Figure 3 i l lustrates  the levels of the peak p res su re  coeffici- 
ents  for the al ternate  configuration NC with the design translation distance. 
At static conditions the l ip peak has  increased slightly compared to con- 
figuration NB, while the main body peak has decreased relat ive to 
configuration NB. For  configuration NC a t  a mass-flow ra t io  of 1.48 the 
d C p  between the lip and main body peak p res su res  when compared to the 
ACp a t  s ta t ic  conditions has essentially reversed.  Hence, i t  was felt the 
same design translation distance would be a good compromise for both 
configurations NB and NC. 

The amount of translation was changed until the 
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4.0 TEST APPARATUS 

4.1 Inlet Models 

Wind tunnel models of the inlet configurations described above a r e  shown in 
Figure 4. 
section with a compressor-face radius ,  RE, of 4.47 inches. The result ing 
maximum nacelle radius,  R, was 5.055 inches. With this value of R the 
throat diameter for the inlets was 7.95 inches. The model scale  was 
approximately ten percent fo r  the CF6 and JT9D families of engines. 
ever ,  since the testing was accomplished a t  tunnel total p re s su res  of 50 
and 60 psia, the tes t  Reynolds numbers were  approximately 35 to 40 percent 
of fu l l  scale for these engines. 

The models were  s ized to fit an existing compressor-face rake  

How- 

The translating ring sections for configurations NB and NC were  supported 
by four s t ru ts  with a symmetr ic  a i r foi l  shaped c r o s s  section. The s ize  of 
these s t ru ts  compared to the inlet is shown by the photographs of the model 
in Figure 4. Translation distances could be manually var ied f rom a A X / R  
of 0.200 to 0.300. 

4.2 Model Instrumentation 

All  three configurations were  instrumented with s ta t ic  p re s su re  or i f ices  
along the inlet walls. The or i f ices  were  located in three longitudinal rows. 
Since the inlet bottom location is c r i t i ca l  for  angle-of -attack performance, 
a la rge  number of or i f ices  w e r e  concentrated in a row along the bottom of 
each inlet. The other two rows were  located on the inlet top and right hand 
side. Each of the la t te r  two rows contained fewer or i f ices  than the bottom 
row. Both the inner and outer surfaces  of the translating lip on configura- 
tions NB and NC were  instrumented to give a mmprehensive description 
of the flow in this region. Static p r e s s u r e  measurements  f rom these 
or i f ices  were  used to compute p re s su re  coefficient, Cp, and loca l  Mach 
number, ML, distributions. 

C ompr e s s o r  -face, steady - s ta t  e, to ta l  - pr  e s s u r  e distributions were  
measured  for a l l  three configurations using a six blade, 72 probe rake  
assembly. The rake  geometry definition is given in  Table 3.  Measure- 
ments  f rom these probes were  integrated to define parameters  such as 
compressor-face total-pressure l o s s  and total-pressure distortion as a 
function of inlet operating conditions. Included on the bottom rake  were  
four Kulite dynamic t ransducers .  
used to identify the level of fluctuations in total p re s su re  on the c r i t i ca l  
o r  upwind side of the inlet. 

Output f rom these t ransducers  was 
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4.3 Tunnel Installation 

The inlet model installation in the Ames Twelve-Foot Low Speed Wind 
Tunnel is shown in Figure 5. The inlets and rake  section were  attached 
to an  S-shaped duct that passed through the wind tunnel floor. 
the floor the duct exhausted the inlet flow into a plenum chamber.  F r o m  
the plenum chamber the flow was then directed into twin airflow meter ing 
ducts and finally exhausted into ambient air. The S-duct was designed to 
rotate  within the plenum chamber and about a centerline normal  to the 
tunnel floor. This rotation provided inlet angle-of-attack simulation and, 
a t  low tunnel velocit ies,  crosswind simulation with an  angle of attack of 
90 degrees.  

Beneath 

~ 

4.4 Inlet Airflow Metering 

Inlet airflow was determined by severa l  techniques. Initially, standard 
orifice plates were  used in the twin airflow meter ing ducts downstream 
of the plenum chamber.  However, due to ducting losses  the maximum 
inlet airflows could not be obtained without removing the orifice plates 
f r o m  the ducting. Consequently, a Pitot-static system was installed in  
the meter ing section and calibrated with the orifice plate measurements .  
With the orifice plates removed the inlet models could be choked and the 
airflow was determined f rom the Pitot-static system. To ensure  the 
accuracy of the measurements  a t  high airflow conditions, a reference 
bellmouth was a l so  tes ted in  place of the inlet. A fur ther  calibration of 
the Pitot-static sys tem was then made by using the measured  compressor -  
face total-pressure distribution for the bellmouth and for configuration NA 
a t  low distortion conditions. Airflow was calculated using the measured  
total-pressure distribution, a s ta t ic- ,pressure distribution calculated by 
the Douglas-Neumann P r o g r a m  (Reference 2),  and the compressor  -face 
geometry. 

4.5 Test  Procedure  

The majori ty  of testing was accomplished by holding inlet airflow constant 
and pitching through an angle-of-attack range until the point of inlet flow 
separation was passed. Inlet flow separation was determined by on-line 
monitoring of the four Kulite t ransducers  on the lower compressor-face 
rake. 
abruptly. To keep the number of points to a minimum, the angle of attack 
for  separation was determined by monitoring the t ransducer  output during 
a dynamic inlet pitch. Based on these resu l t s ,  angles of attack were  
selected to obtain steady-state data. 
angles below the separation point and were  closely spaced around the 
separation point. Maximum airflow capability of the inlets was established 
a t  z e r o  angle of attack. 

Data were  taken a t  M = 0.30 and Mo= 0.26 with a total p re s su re  of 50 psia. 
Fo r  data taken below %lo.= 0.26 the total p re s su re  was 60 psia. Tunnel total 
temperature  was approxnnately 550°R for all conditions. A summary of 
the runs  and tes t  conditions for each configuration is given in Table 4. 

At separation the magnitude of p re s su re  fluctuations increases  

The points were  widely-spaced a t  

: 7 



5.0 RESULTS 

5.1 Performance P a r a m e t e r s  

In the following discussion the three parameters  used to evaluate inlet 
performance are described. These parameters  are inlet total-pressure 
lo s s ,  defined a s  

inlet total-pressure distortion, defined as 

Ptmax - Ptmin DIST = 

and the standard deviation of fluctuating total p re s su re ,  defined as 

u [ ‘tmax - Ptmin 

PtO Pto ]fluctuating 
- -  - 

The f i r s t  two parameters  a r e  based on steady s ta te  measurements  a t  the 
compressor  face. The average compressor-face total p re s su re ,  F t z ,  is 
found by a n  a rea-averaged  integration over the ent i re  compressor  face. 
The maximum and minimum steady s ta te  total p re s su re ,  Ptmax and Ptmin, 
a r e  found by sampling all the to ta l -pressure  probes with the exception of 
the three probes closest  to the wall  on each rake.  
normally within the attached boundary layer  and measurements  a t  these 
locations are not representat ive of the airflow distortion a t  the compressor  
face. 
ments  and can be defined a t  each dynamic probe location. The definition of 
deviation a s sumes  that the distribution of total p re s su re  in a fluctuating 
sample is Gaussian. Previous testing (Reference 3 )  of s imi la r  inlet models 
has  shown this to be the case.  

These probes are 

The l a s t  parameter  is based on fluctuating total-pressure measu re -  

Unfortunately, the maximum acceptable level of these performance para-  
m e t e r s  is difficult to establish.  
therefore ,  has an adverse  effect on a i r c ra f t  performance. 
acceptable levels  of inlet l o s s  can only be determined by a mission analysis 
for a par t icular  engine-airframe combination. Inlet distortion and standard 
deviation are measu res  of the non-uniformity of the airflow a t  the com- 
p res so r  face. 

Inlet l o s s  is a measu re  of thrust  loss  and, 
Maximum 

Consequently, the level  of these parameters  has  an  effect 
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on inlet-engine compatibility. 
m e t e r s  are difficult to establish and generally are different for different 
engine designs. F o r  the present  discussion inlet distortion levels below 
0.10 to 0.15 and standard deviations below 0.02 are generally considered 
acceptable. 

Maximum acceptable levels for these para-  

The parameter  used  as a measu re  of inlet airflow is the corrected weight 
flow per unit compressor-face area, f2/A2, where 

and Wa is the measu red  inlet weight flow, 
total temperature  divided by 519'R, and a t2  is the average compressor -  
face total p ressure  divided by 2116 psf. 
was  used as the reference area for all three configurations. This area 
was  used ra ther  than the m o r e  conventional throat area since the throat . 

area for NB and NC was  different than that for NA. The compressor-face 
area, used as the reference a r e a ,  was defined as the full c i rcular  area 
ignoring the presence of the engine bullet. F o r  convenience in interpreting 
the values of f2/A2, Figure 6 i l lustrates  the variation of inlet Mach num- 
be r ,  Mi, with r2 /A  for  different levels of inlet loss .  
the average throat hfach number, using the throat a r e a  of configuration NA, 
f r e e s t r e a m  total p r e s s u r e  and total temperature,  and the measured  weight 
flow. Typical takeoff power G / A 2  ranges f rom approximately 32.0 to 
35.0 lb/sec-ft2,  with a corresponding Mi of approximately 0.6. 

19t2 is the compressor-face 

The compressor-face area, A2, 

Mi is defined as 

5.2 Configuration NA Performance  

Figure 7 i l lust rates  the loss ,  distortion, and fluctuating p res su re  charac-  
te r i s t ics  for  the base case  configuration, NA, at M, = 0.30. The data are 
shown for l ines of constant inlet airflow G / A z  and varying inlet angle of 
attack. The fluctuating p res su re  character is t ics  shown are for probe 
number four. 
sensitivity of a high-bypass-ratio engine to inlet disturbances in the pr i -  
m a r y  flow compared to disturbances in the fan flow. Disturbances a t  the 
location of probe four are the mos t  representative of the disturbances 
that would affect the p r imary  flow. 

The data for  this probe a r e  shown because of the higher 

All three measu res  of performance are usually character ized by a relatively 
low plateau followed by a sharp  increase with increasing angle of attack. 
At the low airflows the inlet flow separates  a t  angles of approximately 25 
degrees.  As  airflow is increased the inlet performance deter iorates  a t  
correspondingly lower angles of attack. 
such as the data shown for G / A 2  = 33.3 lb/sec-f t2  (A,/AHL = 1.48), the 
performance deter iorates  a t  approximately 7 degrees.  

F o r  a typical takeoff power airflow, 
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Figure 8 shows the variation of local  Mach number, ML, along the inlet 
with angle of a t tack for  G / A 2  = 33.3 lb/sec-ft2.  
was computed using the local  s ta t ic  p re s su re  and f r ees t r eam total p r e s -  
sure .  At z e r o  angle of a t tack the peak Mach number is only 1.1 and no 
flow deterioration is evident. However, as  angle of a t tack is increased,  
the normal  shock terminating the imbedded supersonic region becomes 
s t ronger  due to higher peak Mach numbers.  
the shape of the distribution begins to indicate the presence of a shock 
induced separation bubble. 
begins to deter iorate  a t  this point. 
with increasing angle of attack. 

Local Mach number 

At 8 degrees  angle of a t tack 

As  shown in Figure 7 the inlet performance 
The s i ze  of the bubble rapidly increases  

Figure 9 i l lust rates  the variation of the compressor - face  boundary-layer 
profiles with increasing angle of a t tack a t  f i / A 2  = 33.3 lb/sec-ft2.  The 
six profiles shown correspond to the six compressor-face rakes.  Rake A 
is on the inlet bottom, the c r i t i ca l  o r  upwind location for angle of attack. 
At the higher angles rapid growth of the boundary layer  along the inlet 
bottom is c lear ly  indicated. At 12 degrees  angle of a t tack the boundary 
layer  appears  to be near  separation a t  the compressor  face  even though 
the static -p re s  s u r  e distribution indicates ups t r  e a m  reattachment.  

F igures  10 and 11 show the inlet performance measured  a t  Mo = 0.26 and 
Mo= 0.14. Comparison of F igures  10 and 11 with Figure 7 indicates l i t t le 
effect of Mach number on inlet performance f rom Mo = 0.14 to Mo = 0.30. 

Figure 12 i l lus t ra tes  z e r o  angle-of-attack performance ve r sus  inlet air- 
flow for  l ines  of constant f r e e s t r e a m  Mach number.  The data show a 
l a rge  improvement in performance between s ta t ic  operation (Mo = 0) and 
Mo = 0.07. 
the lo s ses  due to boundary-layer separation on the thin lip. 

This increment  in  forward  speed is sufficient to greatly reduce 

F igures  13, 14, and 15 show complete configuration NA airflow ve r sus  
angle-of-attack maps  for  inlet l o s s ,  distortion, and s tandard deviation, 
respectively.  The shaded area in  each 
plot indicates typical maximum design requirements  for low speed, high 
angle of a t tack conditions, and is well  beyond the l imi t s  ( s ee  page 9 ) 
where the performance of configuration NA can be considered acceptable.  

These maps  are for Mo = 0.30. 

5 .3  Translating Lip Configuration Selection 

The test  p rogram was defined so that only one of the two translating l ip  
configurations, NB o r  NC, would be thoroughly tested. Comparison of 
the two configurations a t  two important operating conditions resul ted in 
the selection of configuration NC f o r  testing. 
the design l ip  translation a t  Mo = 0.30 and a t  s ta t ic  conditions. 

The comparisons w e r e  for  
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Figure  16 i l lustrates  the comparison of performance a t  Mo= 0.30. 
s ta te  compressor-face l o s s  and distortion and the standard deviation of 
fluctuating total  p r e s s u r e s  a t  probes 2 and 4 a r e  shown ve r sus  inlet  angle 
of attack. 
improved relat ive to NA. 
between five and ten degrees ,  NB and NC performance is good beyond 
20 degrees.  
in  level  for  NB a t  approximately 25 degrees  angle of attack. However, 
the steady-state l o s s  and distortion for NC do not increase  as abruptly. 
The s tandard deviation resu l t s  indicate the NC flow separation occurs  a t  
a n  angle of attack of approximately 32 degrees .  
of distortion and lo s s  between 25 and 32 degrees  is due to a rapid increase  
in  compressor  -face boundary-layer thickness without complete separation. 

Steady- 

The performance of configurations NB and NC is much 
W h i l e  the NA performance deter iorates  a t  

All  th ree  performance pa rame te r s  show a marked  increase  

The increase  in  the level 

The low angle-of-attack plateau levels  for  l o s s  and distortion a r e  higher 
for  NB and NC compared to NA. 
compressor - face  boundary layer  generated by the slot  wetted a r e a  and 
local  separation bubbles downstream of the co rne r s  c rea ted  by l ip  t r ans -  
lation. The lo s s  plateau level  for  NC is slightly lower than NB, while 
the distortion plateau level  for  NC is slightly higher than NB. 

This increment  is due to a thicker 

A s  was  expected during the original design phase and confirmed by the 
t e s t s ,  the forward speed performance of configuration NC i s  generally 
an  improvement over the performance of NB. 
on the translating l ip  for  NC, an  expected performance improvement 
was realized, especially in  t e r m s  of angle -of -attack capability defined 
by the fluctuating total-pressure measurements .  

By rounding off the cusp 

Figure 17 shows the comparison of the performance for  all th ree  geo- 
m e t r i e s  with a variation of inlet airflow a t  s ta t ic  conditions. The high 
loss,  distortion, and s tandard deviations for  NA are the resu l t  of 
boundary-layer separat ion caused by insufficient l ip  thickness. Both NB 
and NC show marked  improvements in performance over the ent i re  air- 
flow regime.  Although NB has  a slight performance advantage over NC 
a t  this operating condition, as was  expected f r o m  the original design 
considerations,  both configurations provide good s ta t ic  inlet performance. 

A s  a resu l t  of i t s  higher performance a t  the m o r e  important forward 
speed, high angle-of-attack condition, configuration NC was  selected 
as the translating l ip  configuration for m o r e  thorough testing. 

5.4 Translation Distance Variation 

The effect of varying translation distance was d e t e r y n e d  using con- 
figuration NC a t  the M = 0.30, r /A2 Y 33 .0  lbs / sec- f t  operating 
condition. F igure  18 i7lustrates t i e variation in s tandard deviation with 
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angle of attack fo r  four different translation distances. 
distance parameter  is the translation distance, A X ,  normalized by the 
nacelle maximum radius,  R. It  mus t  be noted that the standard deviation 
data shown were  obtained while sweeping in  angle of attack ra ther  than 
the usual 15 to 20 second, constant angle sample. These data were  used 
since steady-state samples  w e r e  not obtained with the translation distance 
of AX/R = 0.200. 
technique are m o r e  optimistic than those obtained f rom a 15 to 20 second 
sample,  the t rend in angle of a t tack capability with translation distance 
is s t i l l  representative.  
capability is obtained with the design translation distance. At l a r g e r  o r  
smal le r  distances the maximum angle-of-attack capability, defined by 
the abrupt increase  in  s tandard deviation a t  probe 4, is reduced. 
resu l t  of this comparison the thorough evaluation of configuration NC was 
completed with the design translation distance of A X / R  = 0.245. 

The translation 

Although the s tandard deviations obtained f rom this 

The data indicate maximum angle-of-attack 

As  a 

5.5 Configuration NC Angle-of-Attack Performance 

Figures  19a and 19b i l lustrate  the inlet performance for  configuration NC 
a t  Mo = 0.30. 
varying angle of attack. 
charac te r ized  by a plateau a t  lower angles of a t tack followed by an  increase  
with increasing angle of attack. 
complete separation of the inlet flow a t  angles between 25 and 35 degrees  
for all but ve ry  high airflows - a considerable improvement over configu- 
ration NA. The lo s s  and distortion data for  the higher airflows begin to 
rise between 10 and 15 degrees  r a the r  than beyond the 20 degrees  shown 
fo r  the lower airflows because of a rapidly increasing boundary-layer 
thickness on the bottom centerline of the inlet. 

The data are shown for  l ines  of constant airflow and 
Again all three  m e a s u r e s  of performance a r e  

The s tandard deviation data indicate- 

F igure  20  shows the variation of loc 1 Mach number along the inlet bottom 
centerline a t  G / A 2  = 33.6 lb / sec- f t  . 
sonic flow regions a r e  found along the inlet, a marked  improvement over 
configuration NA at the same  conditions. 
on the inner surface of the t ranslated l i p  at  an  angle of a t tack of 20 degrees .  
However, the shape of the distribution indicates the boundary layer  is 
separated along the inner surface of the translating l ip  a t  about 15 degrees  
angle of attack. This point coincides with the shift of the plateau level for 
the standard deviation data shown in F igures  19a and 19b. The separation 
is attr ibuted to the ell iptical  l ip  design selected for the basic  inlet design. 
Since the slot  for the translating l i p  is downstream of the throat,  the flow 
around the l ip  must  be turned past  the throat to a direction with a small 
radially outward component. Downstream of the l ip  trail ing edge the flow 
around the l ip  m e r g e s  with the slot  flow. Since the slot flow has  a strong 
radially inward component, the l ip  flow must  be turned inward again. 
This second turning resu l t s  in a seve re  gradient in the region of the t r ans -  
lating l ip  trail ing edge and aggravates  the separation problem indicated by 

2 At low angles of a t tack no super -  

Supersonic flow f i r s t  appears  
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the Mach number distribution. 
the s lot  would be ahead of the throat and the flow around the l ip  would still 
have a radially inward component a t  the trail ing edge, the adverse  gradient 
at  the trail ing edge should be significantly reduced and the boundary-layer 
separation along the inner surface of the translating l ip should be delayed 
to higher angles of attack. 

If the basic  l ip  shape were  modified so that 

The constant Mach number region indicated on the main body is on the con- 
cave region of the cusp. 
separation bubble, as  was expected during the original design phase. How- 
ever ,  the favorable gradient downstream forces  reattachment.  The Mach 
number distribution downstream of the peak velocity region indicates no 
separation. As  angle of a t tack increases  the p re s su re  level in the cusp 
region approaches the peak level,  thus reducing the favorable gradient 
downstream of the separation. At approximately 30 degrees  the Mach 
number in  the cusp region becomes the peak Mach number for  the en t i r e  
distribution. 

The constant Mach number indicates a small 

Figure 21 shows the variation of the compressor - face  boundary-layer 
profiles with increasing angle of a t tack a t  G / A  

the l ip separation a t  20 degrees .  
appears  to be separated,  o r  near  separation, a t  the compressor  face. 

= 33.6 lb/sec-ft2.  At the 

At 30 and 35 degrees  the boundary layer  
c r i t i ca l  rake,  rake  A, the boundary-layer profi  f es revea l  the wake f rom 

Figure 22 i l lus t ra tes  five compressor-face total-pressure recovery maps  
for  both configurations NA and NC. While the maps  for NA qualitatively 
correspond to those direct ly  below for  NC, the angles of a t tack indicated 
by the a r rows  indicate the improvement in angle-of-attack capability with 
var iable  geometry.  

F igure  23 shows the measu red  inlet performance for  configuration NC a t  
Mo= 0.20. The shape of the variation of each performance parameter  is 
essent ia l ly  the same as those measu red  a t  Mo = 0.30, but the angle-of- 
a t tack capability is fur ther  increased  by approximately 10 degrees .  
Depending on the level  of airflow, angles of a t tack between 38 and 44 
degrees  can be obtained before the inlet flow completely separates .  

F igure  24 i l lus t ra tes  a small amount of data measu red  a t  Mo= 0.14. 
Although only two airflow levels  w e r e  measured ,  comparison of these 
data with the measurements  shown in Figure 23 for Mo= 0.20 indicates 
a fur ther  improvement in angle-of-attack capability of severa l  degrees.  

Figure 25 shows the z e r o  angle of a t tack inlet performance ve r sus  airflow 
for  l ines of constant Mo. 
airflows up to the choking value for  all f r ees t r eam Mach numbers  including 
static.  

The data indicate good performance a t  all 
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Figures  26, 27, and 28 show complete configuration NC airflow ve r sus  
angle-of-attack maps  for  compressor - face  loss ,  distortion, and standard 
deviation, respectively.  
to Figures  13, 14, and 15 for  configuration NA. Again, the shaded a r e a  
in each plot indicates typical maximum design requirements  for low speed, 
high angle-of-attack conditions. The constant l o s s ,  distortion, and stan- 
dard  deviation contours indicate that the demonstrated NC performance 
exceeds typical design requirements .  Comparison of equivalent curves  
for NA and NC indicates that the l a rges t  improvement in angle-of-attack 
capability due to var iable  geometry is a t  the higher inlet airflows. The 
improvement dec reases  with decreasing airflow down to r2 /A2  = 15 
lb/sec-ft2.  
no effect on inlet angle-of-attack capability. 

These maps  a r e  f o r  Mo = 0.30 and a r e  comparable 

At this low level  of airflow the translating l i p  has essentially 

5.6 Configuration NC Crosswind Per formance  

Another important performance measurement  i s  the inlet crosswind 
capability with ze ro  angle of a t tack and low forward speeds. 
at this point is important during the init ial  stage of the takeoff rol l .  
Crosswind can be simulated in  much the same  way a s  angle of a t tack with 
the present  installation. The tunnel velocity, Vo, can be divided into vector  
components for simulated crosswind velocity and f r ees t r eam velocity a s  

Performance 

- 
vX-WD - V sin a 

0 

VO' = vo cos a 

Since the model was axisymmetr ic ,  the inlet bottom centerline could a l so  
be  used  as the c r i t i ca l  o r  upwind side f o r  crosswind simulation as i f  the inlet 
had been rotated 90 degrees .  
su red  due to the poor s ta t ic  performance with no crosswind component 
(a = 0 degrees) .  
for Vo (tunnel velocity) values of 66 and 40 knots with angles of a t tack 
f rom 0 to 36, and 0 to 50 degrees ,  respectively.  
crosswind velocit ies for  these conditions a r e  over 30 knots. 
NC performance was a l so  measu red  with the model pitched to 90 degrees  
to simulate s ta t ic  conditions with a crosswind. 

Configuration NA performance was not m e a -  

Configuration NC crosswind performance was measu red  

The maximum simulated 
Configuration 

Figure 29 i l lus t ra tes  the measu red  inlet performance fo r  NC with a tunnel 
velocity of 66 knots. The performance is goo for  all levels  of airflow 

level  the distortion increases  to near ly  0.15 a t  36 degrees  angle of a t tack 
(VX-WD = 39 knots). 
approximately 0.06. 

except the choking value ( r 2 / A 2  = 40.0 lb / sec- f t  2 ). At this high airflow 

The lo s s  inc reases  f r o m  levels  below 0.02 to 
All  s tandard deviation measurements  are low. 
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Figure 30 i l lustrates  similar resu l t s  for  a tunnel velocity of 40 knots. 
The measured  performance is again good with the exception of the highest  
airflow level  (choking). 

Figure 31 shows the variation of s ta t ic  inlet performance with airflow for  
0, 20, and 30 knot crosswind conditions. While the 0 and 20 knot per form-  
ance is good, the 30 knot crosswind data indicate a deterioration of inlet 
performance due to boundary-layer separation on the upwind inlet side. 
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6.0 CONCLUDING REMARKS 

The low speed performance charac te r i s t ic  of translating l ip axisy-mmetric 
inlets designed fo r  high subsonic c ru i se  a i r c r a f t  have been investigated in  
the wind tunnel. Large  improvements in low speed, high-angle-of-attack, 
compressor  -face performance have been obtained for two translating l ip  
configurations relat ive to the basic  untranslated l ip configuration. The 
la rges t  improvements were  obtained,at  the m o r e  important,  high inlet air- 
flows. Data showed that the configuration designed with the aid of a 
potential flow analysis  for  bet ter  performance at low forward speed was 
in  fact slightly bet ter  than the configuration designed for static conditions. 
The optimum translation distance defined by potential flow analysis was 
experimentally verified. Fur ther ,  the experimental  data show the low 
speed performance of the basic  untranslated l i p  configuration is not 
adequate for typical t ransport  design requirements ,  but the low speed 
performance with l ip translation exceeds the requirements.  Based on 
surface s ta t ic  p re s su re  distributions,  a basic lip geometry modification 
m a y  fur ther  enhance the t rans  la t ing l ip  perf ormanc e. 
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X/R 

0.0000 

0.0050 
0.0103 
0.0159 
0.0282 
0.0495 
0.0843 
0.1051 
0.141 1 

0.2350 
0.3682 
0.5572 
0.7738 
0.9988 
1.2055 
1.45 16 
1.6414 
1.8414 
2.0000 

0.8500 
0.8581 
0.86 16 
0.8644 

0.8691 
0.8754 
0.8835 
0.8877 
0.8943 

0.9088 
0.9253 
0.9437 
0.9603 
0.9737 
0.9834 
0.9920 
0.9965 
0.9993 
1 .oooo 

0.8500 
0.8303 
0.8221 
0.8158 
0.8060 
0.7954 
0.7673 
0.7863 
0.7864 

0.7868 
0.7886 
0.7941 
0.8050 
0.8199 
0.8353 
0.8545 
0.8689 
0.8807 
0.8830 

Table 1. Inlet and Cowl Coordinates for Configuration NA. 
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I 
I R = 5.055 inches 

X / R  

0.1000 

0.1008 

0.1023 

0.1042 

0.1064 

0.1092 

0.1 144 

0.1242 

0.1344 

0.1479 

0.1660 

0.1900 

0.2 103 

0.2348 

L 

Y / R  

0.8866 

0.871 1 

0.8606 

0.8527 

0.8458 

0.8394 

0.8303 

0.8189 

0.8109 

0.8035 

0.7970 

0.7917 

0.7891 

0.7875 

Y 

1 

X / R  

0.0543 

0.0583 

0.0626 

0.0671 

0.0731 

0.0811 

0.0879 

0.0960 

0.1116 

0.1247 

0.1598 

0.1831 

0.21 13 

0.2348 

Y / R  

0.8763 

0.8758 

0.8753 

0.8743 

0.8723 

0.8684 

0.8639 

0.8566 

0.835 1 

0.8187 

0.7988 

0.7929 

0.7882 

0.7875 

Table 2. Slot Coordinates for Configurations NB and NC 
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side 

Kulite 
dvnamic LA 
transducers 

Steady-State 
Probes 

Probe 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 

Y /RE 

0.013 
0.027 
0.043 
0.063 
0.083 
0.105 
0.128 
0.181 
0.237 
0.300 
0.387 
0.492- 

(blades A-F) 

bottom 

blades 

Kulite Probes 

Probe 

0.043 
0.105 
0.181 

4 0.300 

(blade A only) 

inches 

0.633 

Table 3 .  Compressor-Face Rake Geometry 
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1 
2 
3 
4 
5 
6 
7 
8 

9 
10 
11 

12 
13 
14 

15 
16 
17 
18 

19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

29 
30 
31' 
31 
32 
33 
34 

35 

Ii 

AX/R 

0.0 

NB 

NC 

0.200 
0.300 
0.245 

0.245 

1 

X 

X I 
1 
X 

X 
X 

X 

X 

f 

X 

X 

X 

1 
X 

X 

33.3 
30.8 
28.6 
26.3 
23.9 
18.5 
12.0 
8.8 

35.4 
36.5 

- 
12.4 
23.7 
28.5 
18.6 
32.2 

- 
11.6 
23.8 
32.8 
29.5 
36.3 

- 
- 
- 

38.9 
33.4 

- 
33.6 

- 
33.0 
32.8 
33.2 
30.7 
28.2 
25 -8 

I 

60 

t 
50 
50 

0.30 

Remarks 

c y =  oo 

0 a =  0 

a =  oo 
CY = oo 
c y =  oo 

a =  oo 

c y =  00 
No steady- 
state data 

Table 4. Summary of Test  Conditions 
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- 
Run 
No. 
36 
37 
38 

39 
40 
41 

42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 

59 
60 
6 1  
62 
63 
64 
65 
66 
67 
68 

69 
70 

- 
Config. 

NC 

AXIR 

0.245 

TzfA2 
Sweep 

X 

i 

X 

X 

23.5 
17.7 
12.8 

9.3 
35.0 
36.7 
38.5 
33.2 
39.0 
40.1 
31.8 
26.8 
22.6 

36.2 
38.8 
40.4 

9.0 
9.0 

31.5 
18.2 

- 
- 
- 

33.8 
28.9 
24.0 
37.0 
40.0 
33.8 

29.3 
23.8 
36.7 
40.2 

- 
- 

- 
PtO 
(psia 

60 

M O  

P O )  

0.30 

0 :0 

0.14 

0.07 
0.0 

(66 Kt 

(40 Kt 

(30 Kt 

(20 Kt 

Remarks 

a =  oo 
a=  oo 
a= o0 

a =  90° 
a =  90' 

Table 4 (Cont.) Summary of Test  Conditions 
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F i g u r e  4. Model P a r t s  and  Assembled  Configuration NC 
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Figure 6. Variation of Inlet Mach Number with Corrected Weight 
Flow P e r  Unit Area for Different Levels of Inlet Loss 
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Figure 7. Inlet Performance Variation with Angle of Attack for 
Configuration NA a t  Mo = 0.30 
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